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Introduction
Eukaryotic cells exhibit exquisite control over their architec-
ture; this is critical for cell motility, division, and polarity. 
Networks of signaling proteins determine cell morphology by 
orchestrating cytoskeleton organization, membrane traffi  cking, 
and gene expression. Fundamentally important pathways are 
conserved between metazoans and the budding yeast Saccha-
romyces cerevisiae (for review see Pruyne et al., 2004). In bud-
ding yeast, as in other eukaryotes, cell morphology is closely 
coupled with cell cycle progress. Bud emergence and growth 
in late G1 require establishment and maintenance of polarized 
growth through regulated organization of actin cytoskeleton as-
sembly and membrane traffi  c. As cells pass into G2/M, buds 
depolarize to switch from apical to isotropic growth. The cy-
toskeleton is further reorganized during cytokinesis, when an 
actomyosin ring forms and contracts to separate mother and 
daughter cell cytoplasm. During cytokinesis, a septum is de-
posited between mother and daughter cells; this is destroyed 
a few minutes later, when cytokinesis is complete, resulting in 
mother/daughter separation. Temporal coordination of these 
events requires conserved signaling pathways but remains 
 incompletely  understood.
The control of cell morphology is also important for the 
determination of cell fate. Asymmetric segregation of molecules 
or structures that infl  uence gene expression links a cell’s differ-
entiation status to its underlying structure. Budding yeast cells 
exhibit cell fate asymmetry that involves segregation of deter-
minants to the daughter cell. The transcription factor Ace2 
accumulates specifi  cally in the daughter cell nucleus, where 
it induces expression of chitinases and glucanases required 
for septum destruction (Dohrmann et al., 1992; O’Conallain 
et al., 1999; Colman-Lerner et al., 2001; Weiss et al., 2002). 
Ace2 asymmetry is also responsible for daughter-specifi  c 
delay of G1 progression through an as-yet-unknown  mechanism 
(Laabs et al., 2003).
The budding yeast regulation of Ace2 and morphogenesis 
(RAM) network is a recently discovered signaling pathway that 
controls cell fate asymmetry and polarized growth. Components 
of this pathway are conserved in a broad range of eukaryotes 
and are generally involved in the control of cell architecture 
(Verde et al., 1998; Gallegos and Bargmann, 2004; He et al., 
2005a; Hergovich et al., 2006; Seiler et al., 2006). The yeast 
network comprises six genes: CBK1, KIC1, HYM1, MOB2, 
TAO3/PAG1, and SOG2 (Nelson et al., 2003). Cells lacking any 
of these proteins exhibit two phenotypes: a failure to degrade 
the septum between mother and daughter, resulting in large 
groups of connected cells, and poor maintenance of polarized 
growth. The cell separation defect results from the mislocaliza-
tion of Ace2 to both mother and daughter nuclei, resulting in the 
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loss of Ace2-dependent transcription (Bidlingmaier et al., 2001; 
Colman-Lerner et al., 2001). However, defective polarized 
growth is not attributable to loss of Ace2 function: cells lacking 
Ace2 can maintain polarized growth (Weiss et al., 2002). 
  Therefore, the RAM network has separate roles in regulation of 
Ace2 and control of polarized growth.
The localization of RAM network proteins over the cell 
cycle refl  ects their dual roles. The proteins concentrate at sites 
of cell growth, such as the bud tip and the cortex of the expand-
ing bud, and redistribute to the bud neck late in cell division, 
during telophase (Colman-Lerner et al., 2001; Weiss et al., 
2002; Nelson et al., 2003). In addition to cell cortex localiza-
tion, the Ndr/Lats family protein kinase Cbk1 and its conserved 
binding partner Mob2 localize to the daughter cell nucleus at 
the M–G1 transition. This localization requires Ace2, and nu-
clear localization of Ace2 is similarly dependent on Cbk1 and 
Mob2 (Colman-Lerner et al., 2001; Weiss et al., 2002). Cbk1 
and Mob2 lack canonical nuclear localization sequences, sug-
gesting that the proteins associate with Ace2 and enter the 
  nucleus as a complex.
Cbk1 kinase activity is essential for RAM network func-
tion. How is the enzyme controlled? Although Cbk1 protein 
levels remain constant, kinase activity fl  uctuates over the cell 
cycle with maximal specifi  c activity during early bud growth 
and late mitosis (Weiss et al., 2002). The kinase’s activity is low 
if other RAM network genes are deleted, suggesting that it 
functions downstream of the other components of the pathway 
(Nelson et al., 2003).
In addition, Cbk1 has two putative regulatory phosphory-
lation sites that are conserved among AGC group kinases (for 
review see Hergovich et al., 2006). Analogous sites are impor-
tant for the in vivo function of Cbk1-related kinases in budding 
yeast (such as Dbf2), Drosophila (such as tricornered and 
warts), and mammals (such as Ndr and Lats; Millward et al., 
1999; Mah et al., 2001; Tamaskovic et al., 2003; Wu et al., 2003; 
Emoto et al., 2004; He et al., 2005b). One site, found in the 
  kinase domain activation loop, is likely autophosphorylated 
(Tamaskovic et al., 2003). The other site, located in a hydropho-
bic motif immediately C-terminal to the kinase domain, is phos-
phorylated by an upstream kinase. Germinal center kinases, 
which are related to Ste20 and other p21-activated kinases, 
phosphorylate this site in several cases (Chan et al., 2005; 
  Stegert et al., 2005; Emoto et al., 2006). The role of phosphory-
lation at each site has been examined in vitro for the  mammalian 
Ndr proteins. In Drosophila, these phosphorylation sites are 
essential for tricornered function in vivo (Emoto et al., 2004; 
He et al., 2005b). These fi  ndings are consistent with a prevailing 
model for the regulatory function of phosphorylation at these 
sites: they increase the kinase’s specifi  c activity. This view is 
supported primarily by enzymatic and structural studies of Akt/
protein kinase B (PKB), an AGC family member (Yang et al., 
2002a,b; Nolen et al., 2004).
We analyzed the in vivo function of these phosphoryla-
tion sites in Cbk1 and found that both were phosphorylated but 
that their function cannot be explained by simple regulation of 
the enzyme’s catalytic activity. Mutation of one of these sites, 
which is in Cbk1’s activation loop (“T-loop site”), severely 
compromised in vitro kinase activity but yielded only an in-
termediate phenotype for cell separation and polarized growth. 
In contrast, mutation of the C-terminal hydrophobic motif site 
(“CT-motif”) produced a protein with substantial kinase activ-
ity but an entirely null phenotype. Using phosphospecifi  c an-
tibodies, we found that both sites were regulated over the cell 
cycle; the CT-motif site’s phosphorylation exhibited dramatic 
fl  uctuation, peaking before bud emergence and during   cytokinesis. 
All RAM network components were essential for CT-motif 
modifi  cation; a subset was essential for T-loop phosphoryla-
tion, which we fi  nd is an intramolecular reaction in vivo. Cbk1 
is extensively phosphorylated at additional sites, and dephos-
phorylation of these sites requires CT-motif phosphorylation. 
Interestingly, full phosphorylation of the C-terminal hydropho-
bic motif required Ace2, a downstream effector of the RAM 
network; thus, the regulatory target modulates activation of its 
upstream regulator. This study of Cbk1 phosphoregulation de-
fi  nes a novel role for CT-motif phosphorylation independent of 
kinase activation. It is this molecular event that bridges RAM 
network signaling with its phenotypic outputs of cell separation 
and polarized growth.
Results
Two conserved phosphorylation sites 
are required for Cbk1 function in vivo
Ndr/Lats family kinases share two conserved phosphorylation 
sites that are important for kinase function (Millward et al., 
1999; Tamaskovic et al., 2003; Emoto et al., 2004; He et al., 
2005b). One site is found in the T-loop of the kinase domain 
(serine 570), and the other lies in a short hydrophobic region 
C-terminal to the kinase domain, the CT-motif (threonine 743). 
To determine whether the putative phosphorylation sites are 
  important for Cbk1’s in vivo function, we mutated these sites to 
the nonphosphorylatable amino acid alanine and characterized 
the resulting phenotypes. We made these mutations, as well as 
substitution of an aspartic acid essential for catalytic activity, in 
HA-tagged Cbk1 expressed under the control of its endogenous 
promoter at the native chromosomal locus. We refer to the cbk1-
HA-S570A construct as the T-loop allele, to the cbk1-HA-
T743A construct as the CT-motif allele, and to the catalytically 
inactive cbk1-HA-D475A construct as the kinase-dead allele. 
These proteins are expressed at similar levels (see Fig. 2 A and 
Fig. 6 D). Cells lacking functional Cbk1 have two distinct phe-
notypes, which have been reported previously and are shown in 
Fig. 1 A (Racki et al., 2000; Bidlingmaier et al., 2001; Colman-
Lerner et al., 2001; Weiss et al., 2002; Nelson et al., 2003). 
These cells fail to degrade the septum between mother and 
daughter cells after cytokinesis and, as a result, grow as clumps 
of >100 cells connected by chitin-rich junctions. In addition, 
cells carrying the kinase-dead allele or cbk1∆ cells are spherical 
instead of ovoid because they cannot maintain polarized growth 
(Weiss et al., 2002).
The T-loop and CT-motif mutant alleles showed both 
phenotypes but to different degrees. Like cells expressing 
  kinase-dead Cbk1, cells expressing the T-loop allele or CT-
motif allele proteins grew as groups of cells connected by CONTROL OF CBK1 • JANSEN ET AL.  757
chitin (Fig. 1 A). We quantifi  ed the cell separation defect by 
counting the number of connected cells per cluster (Fig. 1 B). 
The separation defects of the CT-motif allele, kinase-dead 
allele, and cbk1∆ were nearly indistinguishable (49.7 ± 12.1%, 
63.3 ± 13.6%, and 64.0 ± 12.3% of cells in clumps con-
taining >30 connected cells; Fig. 1 B, middle and right). In 
contrast, the T-loop mutant had an intermediate phenotype 
with most cells in clusters of <12, suggesting that phosphory-
lation of this site is only partially required for cell separation 
(Fig. 1 B, middle).
Cells expressing either the cbk1 T-loop or CT-motif al-
leles were noticeably rounder than wild-type strains, suggesting 
that phosphorylation of these sites is required for maintenance 
of polarized growth (Fig. 1 A). To quantify this phenotype in 
mitotically growing cells, we determined the mean axial ratio 
by measuring the length and width of >200 cells for each strain 
in three independent trials (Fig. 1 C). This ratio measures the 
roundness of a cell, with a perfect circle equal to 1.0 and greater 
numbers representing deviation toward an ellipse. Wild-type 
and CBK1-HA cells had a broad distribution of axial ratios, with 
means of 1.24 ± 0.13 and 1.21 ± 0.12, respectively. In contrast, 
the mean axial ratios of cells carrying the kinase-dead or cbk1∆-
null alleles were 1.07 ± 0.06 and 1.07 ± 0.07,   respectively. 
Cells with the CT-motif allele have a mean axial ratio of 1.09 ± 
0.07, which is similar to both the kinase-dead and null mutants. 
In contrast, cells carrying the T-loop allele had an intermediate 
mean axial ratio of 1.13 ± 0.10, which is signifi  cantly different 
from both wild-type and null phenotypes, as well as the CT-
motif mutant phenotype (using a nonparametric Mann-Whitney 
t test, P < 0.0001).
Maintenance of polarized growth can also be assessed 
by observing mating projection formation in response to 
pheromone. Cells expressing Cbk1-HA formed mating pro-
jections normally, with characteristic chitin deposits at the 
base of an elongated projection and actin polarized into 
the tip (Fig. 1 D, top). In contrast, cells expressing the cbk1 
T-loop, CT-motif, or kinase-dead alleles formed abortive mat-
ing projections, similar to cbk1∆ cells, which are unable to 
sustain polarized growth (Fig. 1 D; Bidlingmaier et al., 2001). 
Abortive mating projections are characterized by slight bumps 
fl  anked by chitin deposits that lack the elongated projections 
and pronounced actin polarization of normal mating projec-
tions. Collectively, our observations suggest that phosphory-
lation of the T-loop and CT-motif sites play important yet 
distinct roles in cell separation and maintenance of polarized 
growth in vivo.
Figure 1.  The T-loop and CT-motif mutant al-
leles exhibit cell separation and polarized 
growth defects. (A) Cells expressing untagged 
Cbk1 (ELY126), Cbk1-HA (ELY140), the cbk1 
T-loop allele (ELY390), the cbk1 CT-motif allele 
(ELY437),  cbk1 kinase-dead allele (ELY426), 
and cbk1∆ (ELY132) were stained for chitin in 
the cell wall using calcoﬂ  uor to enhance visual-
ization of cell shape. T-loop and CT-motif refer 
to the mutant forms of Cbk1 that cannot be 
phosphorylated at serine 570 and threonine 
743, respectively. (B) The number of connected 
cells in a group was counted in three indepen-
dent trials (n  > 200 groups per strain, per 
trial). Error bars indicate the standard devia-
tion for the mean of the three trials. (C) Cells 
from A were measured for length and width in 
three independent trials (n  > 200 cells per 
strain, per trial). The ratio of length to width 
gives a measure of the roundness of the cell, 
with a perfect circle equal to one. Means and 
standard deviations are shown with data 
points from only one representative trial, for 
clarity. (D) Mata  cells expressing Cbk1-HA 
(ELY140), the cbk1 T-loop allele (ELY461), the 
cbk1 CT-motif allele (ELY462), or cbk1 kinase-
dead allele (ELY463) were arrested in medium 
containing 10 μM α pheromone. Chitin and 
F-actin were visualized using chitin and phalloi-
din staining, respectively. Bars, 5 μm.JCB • VOLUME 175 • NUMBER 5 • 2006  758
The in vitro kinase activity of phosphosite 
mutants does not correlate with 
in vivo function
The phenotype of kinase-dead Cbk1 shows that the protein’s 
enzymatic activity is critical for its function in both cell sepa-
ration and polarized growth (Fig. 1), consistent with previous 
fi  ndings (Weiss et al., 2002). Therefore, the phenotypes of the 
nonphosphorylatable T-loop and CT-motif alleles could be due 
to reduction of normal Cbk1 kinase activity. To assess this, 
we characterized the relative specifi  c activity of Cbk1 alleles 
in vitro, using quantitative detection with fl  uorescently labeled 
secondary antibodies to measure relative amounts of the immuno-
precipitated enzyme. We evaluated autophosphorylation and 
histone H1 phosphorylation as previously described (Weiss et al., 
2002) and examined phosphorylation of a bacterially produced 
fragment of the transcription factor Ace2, a likely Cbk1 regula-
tory target. Surprisingly, wild-type and CT-motif mutant Cbk1 
phosphorylated these substrates with comparable effi  ciency. 
In contrast, the T-loop mutant protein exhibits minimal kinase 
activity, only slightly higher than that of the kinase-dead allele 
(Fig. 2). Cbk1 function and kinase activity requires association 
with Mob2 (Weiss et al., 2002; Nelson et al., 2003). We therefore 
tested all of the Cbk1 mutants and found that none were defec-
tive for Mob2 association (Fig. S1, available at http://www.jcb.
org/cgi/content/full/ jcb.200604107/DC1). In sum, these results 
show that the phenotypic differences between the T-loop and CT-
motif alleles is not attributable to differences in kinase activity.
Figure 2.  The Cbk1 T-loop allele lacks detectable kinase activity, but CT-
motif phosphorylation is dispensable. (A, top) Immunoprecipitates from 
strains expressing untagged Cbk1 (ELY126), Cbk1-HA (ELY140), the cbk1 
T-loop allele (ELY390), cbk1 CT-motif allele (ELY437), and cbk1 kinase-
dead allele (ELY426) were incubated with histone H1 or the N terminus of 
Ace2 fused to maltose binding protein (MBP) and γ-
32P-ATP to assay in vitro 
kinase activity, as described previously (Weiss et al., 2002). (bottom) 
Anti-HA blot of the immunoprecipitates imaged using ﬂ  uorescently labeled 
secondary for a quantitative measure of protein expression (90 kD). 
(B) Quantiﬁ  cation of histone H1 phosphorylation, autophosphorylation, and 
Ace2 phosphorylation. The signal from the autoradiograph in A was nor-
malized to Cbk1 expression levels from the anti-HA blot. Phosphorylation 
of each substrate by wild-type Cbk1 was set as 1, and all values were nor-
malized against this, giving a relative reading of speciﬁ  c activity for each 
substrate. These experiments were repeated for three biologically indepen-
dent samples, and the speciﬁ  c activity of the CT-motif allele ranged from 
 50 to 100% of wild-type levels. The T-loop allele kinase activity never 
  exceeded 25% of wild-type levels.
Figure 3.  Mutation of Cbk1 phosphorylation sites is required for Cbk1 
and Ace2 nuclear localization. (A) Localization of GFP-tagged Cbk1 
(ELY466), the T-loop allele (ELY468), the CT-motif allele (ELY467), and the 
kinase-dead allele (ELY469) in asynchronous cells. (left) Early cortical lo-
calization; (middle) late cortical localization; (right) bud neck localization. 
Arrowheads indicate daughter cell nuclear localization. Bar, 5 μm. (B) To 
conﬁ  rm nuclear localization of both wild-type and the T-loop allele of Cbk1-
GFP, the nuclear envelope was visualized with Sec63-tomato (ELY535 and 
ELY536, respectively). The middle and bottom panels show two different 
focal planes to better visualize both the mother and daughter nuclei. 
Arrowheads indicate daughter cell nuclear localization. Bar, 2 μm. (C) Local-
ization of Ace2-GFP in strains expressing untagged Cbk1 (ELY410), the 
T-loop allele (ELY464), the CT-motif allele (ELY465), and kinase-dead Cbk1 
(ELY451). Asynchronously growing cells were brieﬂ  y labeled with rhodamine-
conA, washed, and allowed to continue growth for an additional 90 min. 
(middle) Mother cells labeled with conA; daughter cells are unlabeled. 
(right) Ace2-GFP localization in large budded cells. Arrowheads indicate 
symmetric localization. All exposure times, contrast enhancement, and 
grayscale values were held constant. Bar, 5 μm. (D) The images in C 
were used to differentiate between symmetric (localization to mother and 
  daughter nuclei; dark bars) and asymmetric (only daughter; light bars) 
Ace2-GFP nuclear localization. n ≥ 50 cells per strain.CONTROL OF CBK1 • JANSEN ET AL.  759
Cbk1 and Ace2 asymmetric 
nuclear localization requires 
CT-motif phosphorylation
When expressed under the control of its endogenous promoter, 
Cbk1 localizes to sites of active cell growth at the cortex (Racki 
et al., 2000; Colman-Lerner et al., 2001; Weiss et al., 2002). To 
determine whether the phenotypes of the T-loop, CT-motif, and 
kinase-dead mutant alleles were attributable to mislocalization, 
we visualized GFP-tagged versions of these proteins in live 
cells. All mutant Cbk1-GFP fusion proteins were present at the 
cell cortex of presumptive bud sites and the growing bud, like 
wild type (Fig. 3 A, left and middle). The mutant proteins also 
accumulated normally at the bud neck during cell division (Fig. 
3 A, right). Thus, phosphorylation at the T-loop and CT-motif 
sites are not required for Cbk1’s cortical localization.
Cbk1 also localizes to the daughter cell nucleus at the 
M–G1 transition (Colman-Lerner et al., 2001; Weiss et al., 2002). 
Some nuclear localization of T-loop mutant was evident (Fig. 3, A 
[arrows] and B [nucleus delineated by localization of the ER 
marker Sec63-RFP and Cbk1-GFP nuclear localization indicated 
by arrows]). In contrast, we could not detect either the kinase-
dead or the CT-motif mutant GFP fusion proteins in nuclei.
The nuclear accumulation of Cbk1 both coincides with 
and depends on Ace2 nuclear localization; in turn, Ace2 asym-
metric localization requires Cbk1 kinase activity (Colman-
  Lerner et al., 2001; Weiss et al., 2002). Thus, it is possible that 
cells carrying the cbk1 CT-motif and kinase-dead alleles fail to 
recruit Ace2 to nuclei. Therefore, we examined Ace2-GFP lo-
calization in each of the mutant backgrounds (Fig. 3 C). We 
briefl  y incubated cells with rhodamine–concanavalin A, which 
binds stably to the cell wall, and allowed the cells to grow for 
 90 min in the absence of this vital stain. This specifi  cally la-
beled mother cells and allowed us to distinguish between mother 
and daughter cells in the mutant strains, which grow as large 
clusters of connected cells. In wild-type cells, Ace2-GFP was 
distributed asymmetrically to the daughter cell nucleus, with 
relatively little cytoplasmic background in  90% of cells (Fig. 
3, C and D). In the cbk1 T-loop mutant, Ace2-GFP localized 
to daughter nuclei in  80% of cells. In contrast, in CT-motif 
  mutant cells, Ace2-GFP localized faintly to both mother and 
daughter nuclei in  80% of cells (Fig. 3, C and D). This loss of 
Ace2-GFP asymmetry is similar to that seen in cbk1 kinase-
dead and cbk1∆ cells. Ace2 expression levels do not vary ap-
preciably in the mutant backgrounds (Fig. S2, available at 
http://www.jcb.org/cgi/content/full/jcb.200604107/DC1). Thus, 
both CT-motif phosphorylation and kinase activity are required 
for the proper and asymmetric distribution of Cbk1 and Ace2 to 
the daughter cell nucleus.
Phosphorylation events at the T-loop 
and CT-motif sites are independent
To determine whether Cbk1 is phosphorylated at the T-loop and 
CT-motif sites in vivo, we generated antibodies against the rel-
evant phosphopeptides for each site. These antibodies strongly 
detected immunoprecipitated Cbk1-HA but only weakly rec-
ognized Cbk1-HA treated with λ phosphatase (Fig. 4 A). The 
phosphospecifi   c antibodies are not general phosphoserine or 
phosphothreonine antibodies, as they did not recognize other 
highly phosphorylated proteins, such as GST-Ste20 (Fig. S3, avail-
able at http://www.jcb.org/cgi/content/full/jcb.200604107/DC1) 
or the mutant alleles for each site (Fig. 4 B). Thus, Cbk1 is phos-
phorylated in vivo at both the T-loop and CT-motif sites.
To determine whether phosphorylation of Cbk1’s T-loop 
and CT-motif are independent regulatory inputs, we used the 
phosphospecifi  c antibodies to detect modifi  cation of each site 
in the absence of the other’s phosphorylation (Fig. 4 B). The 
T-loop mutant protein was detected by anti-pT743, the CT-motif 
phosphospecifi  c antibody. The CT-motif mutant protein was 
  detected by anti-pS570, the T-loop phosphospecifi  c antibody, 
although the signal was decreased about fourfold relative to 
wild type. This suggests that each phosphorylation event can 
occur in the absence of the other, although CT-motif modifi  ca-
tion may promote maximal T-loop phosphorylation in vivo.
T-loop autophosphorylation occurs through 
an intramolecular reaction in vivo
Kinase-dead Cbk1 was phosphorylated at the CT-motif site 
but not at the T-loop site, suggesting that the T-loop site is 
Figure 4.  T-loop modiﬁ  cation occurs through 
intramolecular autophosphorylation. (A) Pro-
teins were immunoprecipitated with anti-HA 
from wild-type (ELY126) and Cbk1-HA 
(ELY140) strains. Half of the immunoprecipi-
tated proteins was removed and treated with λ 
phosphatase. The proteins were then blotted 
with the indicated antibodies. Anti-pS570 was 
used to detect T-loop site phosphorylation, and 
anti-pT743 was used to detect CT-motif site 
phosphorylation (Cbk1-HA; 90 kD). (B) Pro-
teins were immunoprecipitated with anti-HA 
from strains expressing Cbk1-HA (ELY140), 
the T-loop allele (ELY390), the CT-motif allele 
(ELY437), and kinase-dead Cbk1 (ELY426). 
Proteins were resolved by SDS-PAGE and blot-
ted with the indicated antibodies. (C) Proteins 
were immunoprecipitated from a haploid strain expressing Cbk1-HA (ELY140) and a diploid strain expressing Cbk1-GFP and kinase-dead Cbk1-HA 
(ELY537). Immunoprecipitation was done with anti-HA so that only kinase-dead Cbk1 would precipitate from the diploid strain (in addition, GFP-tagged 
Cbk1 runs at a higher molecular weight than HA-tagged Cbk1). Half the immunoprecipitates from Cbk1-HA were treated with λ phosphatase. The proteins 
were resolved by SDS-PAGE and probed with the indicated antibodies.JCB • VOLUME 175 • NUMBER 5 • 2006  760
autophosphorylated in vivo (Fig. 4 B). This is consistent with 
the model proposed for other kinases related to Cbk1, such as 
hNDR (nuclear Dbf2-related kinase; Tamaskovic et al., 2003). 
Autophosphorylation may occur in cis as an intramolecular re-
action or in trans as an intermolecular reaction between Cbk1 
molecules. We constructed a diploid strain that expresses both 
wild-type Cbk1-GFP and the kinase-dead allele of Cbk1-HA 
to distinguish between these possibilities. As shown in Fig. 4 C, 
immunoprecipitated kinase-dead protein is not phosphorylated 
at the T-loop site by wild-type Cbk1 in vivo. Therefore, it 
is likely that Cbk1 modifi  es itself in vivo in cis; this is in con-
trast to the CT-motif site, which must be phosphorylated by a 
different kinase.
Ace2 and RAM network proteins affect 
T-loop and CT-motif phosphorylation
Cbk1 works with other RAM network components to control 
cell separation and polarized growth. Cbk1 kinase activity is 
low in cells lacking any other RAM network component, sug-
gesting that activation of Cbk1 is among the fi  nal outputs of the 
pathway (Weiss et al., 2002; Nelson et al., 2003). To determine 
whether the RAM network is required for phosphorylation of 
Cbk1’s T-loop and CT-motif sites, we used phosphospecifi  c an-
tibodies in quantitative Western blotting to evaluate the modifi  -
cation of Cbk1-HA immunoprecipitated from cells lacking 
different RAM network genes (Fig. 5). We were able to detect a 
very low level of phosphorylation at the T-loop site using the 
anti-pS570 antibody in hym1∆ and kic1∆ strains ( 4 and  11% 
of wild-type phosphorylation). T-loop phosphorylation is de-
tectable on Cbk1-HA immunoprecipitated from sog2∆ cells 
( 12% of wild type) but is biased toward forms shifted to higher 
molecular weights. Phosphorylation of the T-loop site was ab-
sent in mob2∆ and tao3∆ backgrounds. The CT-motif–specifi  c 
anti-pT743 antibody recognized only Cbk1-HA immunoprecip-
itated from wild-type cells and not from any of the strains lack-
ing RAM network components. Therefore, all RAM network 
proteins are essential for CT-motif phosphorylation and only a 
subset is essential for phosphorylation of the T-loop site.
Cbk1 kinase activity is not reduced in ace2∆ cells, sug-
gesting that Ace2 is an endpoint effector of the pathway; our 
data also support this (Fig. 2). In addition, Ace2 is not required 
for maintenance of polarized growth (Bidlingmaier et al., 2001; 
Weiss et al., 2002; Nelson et al., 2003). We used phosphospe-
cifi  c antibodies to detect Cbk1-HA immunoprecipitated from 
ace2∆ cells to determine whether Ace2 is important for phos-
phorylation at either the T-loop or CT-motif sites. T-loop phos-
phorylation is similar in wild-type and ace2∆ backgrounds 
(Fig. 5). Surprisingly, however, we found substantial reduction 
of Cbk1 CT-motif phosphorylation in ace2∆ cells ( 43% of 
wild type, measured by quantitative Western blotting with fl  uo-
rescent secondary; see Materials and methods). RAM network 
genes were expressed at similar levels in wild-type and ace2∆ 
cells, as measured by RT-PCR (Fig. S4, available at http://www.
jcb.org/cgi/content/full/jcb.200604107/DC1), indicating that 
loss of CT-motif modifi  cation is not an indirect effect of low 
RAM network gene expression. Therefore, full modifi  cation of 
Cbk1’s critically important CT-motif site is reinforced or pro-
tected by the presence of this downstream effector.
Dynamic regulation of Cbk1 
phosphorylation in vivo
Cbk1 functions in both polarized growth and cell separa-
tion, two temporally regulated processes. To assess the cell 
cycle–dependent control of phosphorylation at the T-loop and 
the CT-motif sites, we used the phosphospecifi  c antibodies 
to monitor modifi  cation of these sites in synchronized cells 
(Fig. 6 A). T-loop phosphorylation fl  uctuated only slightly 
over the course of cell division: phosphorylation levels were 
generally high but diminished as cells entered S phase (Fig. 6, 
A and C). Before bud emergence, slower migrating forms of 
Cbk1 were highly phosphorylated at the T-loop site (Fig. 6, 
A and C). CT-motif phosphorylation is more dramatically regu-
lated in a cell cycle–dependent manner (Fig. 6 A). Phosphory-
lation of this site peaked early, 45 min after release from G1 
arrest, just before bud emergence. Phosphorylation then re-
mained low until late in the cell cycle, as cytokinesis occurred. 
When the majority of cells had passed from M to G1, CT-
motif phosphorylation decreased again. The peaks in CT-motif 
phosphorylation coincide with times of polarized growth and 
cell separation. In summary, Cbk1 is highly phosphorylated at 
the T-loop site over most of the cell cycle, whereas CT-motif 
phosphorylation coincides with periods of polarized growth 
and cell separation.
Gel mobility of Cbk1-HA immunoprecipitated at differ-
ent times after release from pheromone arrest shifted markedly 
over the course of the experiment (Fig. 6, A and C, anti-HA signal). 
These changes in mobility suggest that the protein is  dynamically 
phosphorylated at multiple sites as the cell cycle progresses. 
Both phosphospecifi  c antibodies recognized multiple forms of 
Cbk1, indicating that these shifts are not solely attributable to 
phosphorylation of the T-loop and CT-motif sites. Consistent 
with this fi  nding, phosphorylation site mutants and the kinase-
dead allele were also shifted considerably relative to wild-type 
Cbk1 when separated by SDS-PAGE (Fig. 6 D). The CT-motif 
allele was biased most dramatically to slower migrating forms. 
Figure 5.  T-loop and CT-motif phosphorylation in cells lacking Ace2 and 
RAM network components. Cbk1-HA was immunoprecipitated with anti-
HA from the following strains: ace2∆ (ELY397), hym1∆ (ELY395), kic1∆ 
(ELY398), mob2∆ (ELY399), tao3∆ (ELY396), sog2∆ (ELY436), and wild 
type (ELY140). The proteins were resolved by SDS-PAGE and imaged with 
ﬂ  uorescently labeled secondary antibodies for quantitative Western blot-
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These shifts were abolished by treatment with λ phosphatase, 
indicating that they are due to hyperphosphorylation. As indi-
cated by the mobility shifting seen in both the mutants and over 
the cell cycle, there are likely additional sites of phosphoryla-
tion that are dynamically modifi  ed across the cell cycle; these 
as-yet-unknown sites may represent additional regulatory 
mechanisms for Cbk1 function.
Discussion
Functional differences between Cbk1’s 
regulatory sites
We have shown that Cbk1 is controlled by phosphorylation of 
two highly conserved sites. Analogous sites have been charac-
terized in other AGC kinases, most notably Akt/PKB, as well as 
more closely related enzymes, such as human Ndr and Lats 
and Drosophila tricornered (Millward et al., 1999; Tamaskovic 
et al., 2003; Emoto et al., 2004; He et al., 2005b; Hergovich 
et al., 2005). The prevailing view, based largely on studies of in 
vitro kinase activity, is that these modifi  cations promote AGC 
kinase signaling primarily by increasing the target enzyme’s 
catalytic activity. In contrast, we fi  nd that the relative functional 
importance of these sites in vivo is not directly related to their 
importance for Cbk1’s enzymatic activity. Thus, our fi  ndings 
argue that this enzyme activation model does not fully explain 
the role of these regulatory inputs for Cbk1.
We fi  nd that the Cbk1 CT-motif allele has relatively nor-
mal kinase activity but exhibits severely defective polarized 
growth and failed cell separation. In contrast, the Cbk1 T-loop 
allele has extremely low kinase activity but a moderate pheno-
typic effect. How does this compare with the existing in vitro 
characterization of mammalian Ndr? Mammalian enzyme 
  mutated at the T-loop site is similarly compromised for in vitro 
activity, suggesting that this modifi  cation functions similarly in 
yeast and metazoan enzymes (Millward et al., 1999;   Tamaskovic 
et al., 2003; Stegert et al., 2004). An Ndr CT-motif mutant 
  retains some activity, but this is 7–10-fold lower than the 
wild-type enzyme (Millward et al., 1999; Tamaskovic et al., 
2003; Stegert et al., 2004). Furthermore, CT-motif phosphory-
lation clearly increases Ndr’s in vitro activity (Tamaskovic 
et al., 2003; Hergovich et al., 2005; Stegert et al., 2005). It is 
possible that Cbk1 has inherently higher basal activity than 
Ndr in the absence of this modifi  cation, and our studies do not 
preclude the possibility that Cbk1’s catalytic activity is in-
creased when the enzyme is phosphorylated at the CT-motif. 
However, the relatively mild phenotype of the severely cata-
lytically compromised T-loop allele indicates that Cbk1’s in 
vivo function requires only minimal levels of the enzyme’s 
catalytic activity. Therefore, our data strongly favor a revision 
of the prevailing hypothesis for regulation of Cbk1 homo-
logues: that CT-motif phosphorylation has distinct regulatory 
functions in addition to promoting optimal catalytic conforma-
tion of the kinase domain.
What are these additional functions of Cbk1 CT-motif 
phosphorylation? Both T-loop and CT-motif mutant proteins 
localize normally to the cell cortex, indicating that neither 
modifi  cation is required to recruit the enzyme to its site of 
action; similarly, both mutant proteins interact with the con-
served Cbk1 binding partner Mob2. Cbk1 CT-motif phosphor-
ylation is, however, required for asymmetric localization of 
both the kinase and Ace2 to the daughter nucleus late in the 
cell cycle (Fig. 3). Asymmetric nuclear localization of Cbk1 
Figure 6. Cbk1  modiﬁ  cation is dynamic over 
the cell cycle. (A) Cells carrying Cbk1-HA 
(ELY140) were arrested with α factor for 2 h, 
until >80% of cells had formed mating projec-
tions. They were then washed extensively and 
released into fresh YPD. Cells were harvested 
every 15 min, and lysates from each time point 
were subjected to immunoprecipitation with 
anti-HA. The resulting proteins were resolved 
by SDS-PAGE, blotted with the indicated anti-
bodies, and imaged using ﬂ  uorescently  la-
beled secondary antibodies. Slower migrating 
forms of Cbk1-HA appear, particularly at the 
45-, 60-, and 150-min time points; these are 
detected by anti-HA and both phosphospeciﬁ  c 
antibodies. CT-motif phosphorylation peaks at 
45 and 120 min. (B) At each time point, cells 
were ﬁ  xed in formaldehyde to assess the bud-
ding index. Fixed cells were sonicated with a 
probe to break apart any clumps of cells, and 
budding morphology was scored (n > 200). 
(C) Merge of anti-HA and anti-pS570 images 
in A. Fluorescent detection allows overlay 
of two color images: red represents anti-HA 
and green represents anti-pS570. Note bias of 
T-loop phosphorylation to slower migrating 
forms of Cbk1-HA in both the 45- and 60-min 
time points. (D) Proteins were immunoprecipi-
tated with anti-HA from strains expressing Cbk1-HA (ELY140), the cbk1 T-loop allele (ELY390), the cbk1 CT-motif allele (ELY437), and cbk1 kinase-dead 
allele (ELY426). Half of each immunoprecipitation was treated with λ phosphatase. Proteins were resolved by SDS-PAGE, run longer to enhance separation, 
and blotted with anti-HA. The resulting bands were imaged using ﬂ  uorescently conjugated secondary antibodies and subsequently quantiﬁ  ed; all proteins 
are expressed at similar levels, and a pronounced shift is evident under these conditions for the CT-motif allele (Cbk1-HA, 90 kD).JCB • VOLUME 175 • NUMBER 5 • 2006  762
and Ace2 is interdependent, and the proteins may enter the 
nucleus as a complex (Colman-Lerner et al., 2001; Weiss et al., 
2002; Nelson et al., 2003). Thus, we propose that CT-motif 
phosphorylation is necessary for the formation of a productive 
Cbk1–Ace2 complex.
Intriguingly, the Cbk1 CT-motif mutant protein is dramat-
ically hyperphosphorylated in vivo. This suggests that phos-
phorylation of the CT-motif site triggers dephosphorylation of 
Cbk1 at other sites, perhaps by recruiting phosphatases. Given 
the null phenotype of the CT-motif mutant, it is possible that 
Cbk1 hyperphosphorylation inhibits the kinase’s interaction 
with downstream targets in vivo. Mammalian Ndr kinases are 
also phosphorylated at a third site immediately N-terminal to 
the kinase domain. This modifi  cation is important for Mob 
  protein association and stimulation of kinase activity in vivo 
(Tamaskovic et al., 2003), although mutation of the site does not 
dramatically affect basal in vitro kinase activity or Mob binding 
(Tamaskovic et al., 2003; Bichsel et al., 2004). We have mutated 
Cbk1 at the corresponding site, serine 339, and fi  nd no pheno-
typic effects (unpublished data). Thus, modifi  cation of this site 
is not critical for Cbk1’s in vivo function, although it remains 
possible that it is phosphorylated in vivo as part of a redundant 
regulatory mechanism. We are currently pursuing identifi  cation 
of the modifi  ed sites in hyperphosphorylated Cbk1 and investi-
gating their functional signifi  cance.
The in vivo function of mammalian Ndr kinases is un-
known; therefore, it is not presently possible to characterize the 
phenotypes of T-loop and CT-motif alleles of these   enzymes. 
The physiological role of tricornered, the   Drosophila homo-
logue of Cbk1, is better understood: it functions in morpho-
genesis of actin-rich projections as well as branching and 
tiling of sensory neuron dendrites (Geng et al., 2000; Emoto 
et al., 2004). Mutation of both T-loop and CT-motif sites renders 
tricornered, which is essential for embryonic development, 
nonfunctional (He et al., 2005b). Overexpression of the mutant 
alleles exerts a dominant-negative phenotype, with the single 
site mutants having a less extreme wing hair phenotype than 
the double mutant (He et al., 2005b). The dominant-negative 
phenotype of tricornered loss-of-function alleles is complex: 
intriguingly, kinase-inactive tricornered is dominant nega-
tive in neuron morphogenesis but not in wing hair develop-
ment (Emoto et al., 2004; He et al., 2005b). Although these 
overexpression studies are fundamentally different from our 
analysis of endogenously expressed alleles, it is clear that the 
regulatory phosphorylation sites are functionally important. 
We fi  nd that a Cbk1 double-mutant allele has a null phenotype 
equivalent to the single-mutant CT-motif allele; we do not ob-
serve dominant-negative effects in heterozygotes for any cbk1 
alleles at endogenous expression levels (unpublished data). 
If our analysis of the precise roles of Cbk1’s regulatory sites 
applies more generally, we predict that T-loop alleles of the 
Ndr family kinases will have a less severe phenotype than CT-
motif alleles when expressed under endogenous conditions. 
Furthermore, we speculate that, under these conditions, CT-
motif modifi  cation of other Cbk1-related kinases may promote 
formation of functional complexes or dephosphorylation of 
other regulatory sites.
RAM network control of CT-motif 
and T-loop phosphorylation
We have shown that all RAM network proteins are required for 
phosphorylation of Cbk1’s CT-motif, suggesting that this regu-
latory event is a critical output of the pathway. Which kinase 
phosphorylates Cbk1’s CT-motif site? Recent evidence sug-
gests that germinal center kinases, which are related to p21-
  activated kinases, are responsible for phosphorylation of this site 
in other Ndr/Lats family kinases (Chan et al., 2005; Stegert 
et al., 2005; Emoto et al., 2006). Kic1, a germinal center kinase–
family kinase in the RAM network, is a good candidate for a 
CT-motif kinase, and we fi  nd that CT-motif phosphorylation is 
undetectable in cells lacking Kic1. However, as CT-motif modi-
fi  cation depends on all RAM network proteins, Kic1’s role may 
be indirect. The activity of endogenous Kic1 isolated from yeast 
is extremely low, and defi  nitive in vitro assays have not yet been 
possible (unpublished data). The p21-activated kinase Ste20 
does not phosphorylate Cbk1 in vitro (unpublished data), sug-
gesting that Cbk1 is not a general target of this class of kinases. 
Furthermore, yeast cells lacking p21-activated kinase function 
do not exhibit defective polarized growth maintenance or sep-
tum degradation (Weiss et al., 2000). Therefore, phosphoryla-
tion of the CT-motif site by Kic1 may serve as the critical output 
of RAM network signaling that results in cell separation and 
polarized growth.
We fi nd that Cbk1 most likely autophosphorylates itself in 
vivo at its T-loop site through an intramolecular reaction. 
In other AGC group kinases, such as Akt/PKB, the analogous 
modifi  cation is performed in trans by an upstream regulatory 
kinase. Although this is the fi  rst demonstration of such behavior 
for an Ndr/LATS kinase in vivo, it is consistent with previous in 
vitro observations. Ndr kinases clearly autophosphorylate at 
this site in vitro (Tamaskovic et al., 2003; Stegert et al., 2004), 
and biochemical data suggest that this modifi  cation can occur in 
cis (Millward et al., 1995). We also fi  nd that T-loop autophos-
phorylation is only completely abolished in cells lacking Mob2 
and Tao3. Because these are the only two RAM network pro-
teins thus far found to coimmunoprecipitate with Cbk1, we sug-
gest that Tao3 and Mob2 directly interact with Cbk1 to either 
help the kinase adopt a proper conformation for cis autophos-
phorylation or protect it from phosphatases that reverse the 
modifi  cation (Du and Novick, 2002; Weiss et al., 2002). Consistent 
with this idea, previous reports have shown that Mob proteins 
are required for autophosphorylation of the T-loop site in Ndr 
(Hergovich et al., 2005; Stegert et al., 2005). Tao3 is also con-
served in metazoans; we speculate that it plays a similar role in 
the regulation of Cbk1 homologues in these species.
Interdependency between control 
of Cbk1 and its regulatory target Ace2
The RAM network’s control of the activity and asymmetric lo-
calization of Ace2 ensures that Ace2-driven genes involved in 
septum destruction are only highly expressed once in a cell’s 
life: when it is a daughter. More specifi  cally, Ace2 segregation 
and function depend on Cbk1’s kinase activity (Colman-Lerner 
et al., 2001; Weiss et al., 2002), and we have shown that Cbk1 
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investigating the in vivo relevance of this modifi  cation. Our in 
vitro kinase assays show that Cbk1 CT-motif modifi  cation does 
not simply turn on the kinase’s ability to phosphorylate Ace2. 
Rather, this suggests that phosphorylation at the CT-motif site 
promotes formation of a functional regulatory complex in vivo.
It is interesting that full phosphorylation of Cbk1’s CT-
motif requires Ace2; this suggests that the downstream target 
participates in activation of its upstream regulator. Likely, the 
remaining pool of CT-motif phosphorylated Cbk1 is required 
for Ace2-independent function in the maintenance of polarized 
growth. We speculate that Ace2-dependent protection of CT-
motif phosphorylated Cbk1 involves either directly blocking 
phosphatase access or shuttling the protein into a compartment 
with low phosphatase activity. This phenomenon could help 
create a reinforcement mechanism that promotes rapid accumu-
lation of CT-motif modifi  ed Cbk1 during the M–G1 transition.
The logic of this system likely refl  ects the importance of 
temporally controlling Ace2 function. Septum destruction is 
among the fi  nal events of cell division, and Ace2-driven tran-
scription of genes involved in the process is tightly regulated. 
Ace2 is likely negatively regulated through phosphorylation by 
mitotic Cdk (O’Conallain et al., 1999; Archambault et al., 
2004), and its nuclear entry requires activation of the mitotic 
exit network (Weiss et al., 2000). Cbk1’s CT-motif phosphory-
lation is delayed until late M/G1. We speculate that Ace2’s Cdk 
phosphorylation is reversed upon mitotic exit and that this coin-
cides with modifi  cation of Cbk1. The co-occurrence of these 
events may create a short temporal window in which Cbk1 can 
act on Ace2 to promote its rapid accumulation and function in 
daughter cell nuclei.
Cell cycle control of Cbk1 phosphorylation
Cbk1’s phosphorylation is dynamic across the cell cycle. T-loop 
autophosphorylation is relatively constant, except a short period 
after bud emergence. In contrast, modifi  cation of the CT-motif 
fl  uctuates markedly, peaking just before bud emergence and 
again late in the cell cycle (Fig. 6 A). This coincides with peri-
ods of active polarized growth, as well as with cytokinesis and 
septum degradation after mitotic exit. Because the CT-motif 
phosphorylation requires all RAM network components, it is 
likely that this cell cycle–regulated modifi  cation is one of the 
key downstream outputs of this signaling pathway.
Based on our fi  ndings, we propose a speculative model 
for Cbk1’s cycle of activation during M–G1 that consists of a 
priming phase followed by activation-dependent dephosphory-
lation. We propose that Cbk1 is initially phosphorylated at 
multiple priming sites, other than the T-loop and CT-motif, in 
a RAM network–dependent manner (Fig. 7, 1). We suggest 
that these modifi  cations both prevent Cbk1’s action on down-
stream targets and promote phosphorylation of the kinase’s 
CT-motif site, most likely by Kic1. This CT-motif modifi  cation 
may then trigger dephosphorylation of the initial priming sites, 
perhaps by recruiting phosphatases, producing Cbk1 that is 
fully active (Fig. 7, 2 and 3). This form of Cbk1 may then ei-
ther productively interact with Ace2, which preserves CT- motif 
phosphorylation (Fig. 7, 4), or become fully dephosphorylated 
and inactivated (Fig. 7, 5). This putative kinase/target synergy 
may work to protect an activated pool of Cbk1 with CT-motif 
phosphorylation until Ace2’s function is performed, ensuring 
maximal activation of both Cbk1 and Ace2 at the proper place 
and time.
Materials and methods
Strains, growth conditions, and protein puriﬁ  cation
Yeast strains were derived from S288C (Table I) and cultured in YPD me-
dia (1% yeast extract, 2% peptone, and 2% dextrose). Overnight cultures 
were diluted to OD600 0.2 and grown 5 h at 30°C to OD600 0.8 for use 
in all assays. Deletion mutants and C-terminal ﬂ   uorescent tags (a gift 
from R. Tsien, University of California, San Diego, La Jolla, CA) and myc 
tags were generated using the primers listed in Table S1 (available 
at http://www.jcb.org/cgi/content/full/jcb.200604107/DC1; Longtine 
et al., 1998; Shu et al., 2006). Cbk1 point mutants were generated using 
two fragment PCR based on genomic DNA from ELY140. The overlapping 
fragments were integrated at the endogenous locus into ELY132 and 
screened by PCR and sequencing.
To generate lysates for immunoprecipitation,  160 OD600 equiva-
lents were resuspended in 2 ml ice-cold yeast lysis buffer (150 mM NaCl, 
50 mM Tris, pH 7.4, 1% Triton X-100, 10% glycerol, 1 mM dithiothreitol, 
60 mM β-glycerophosphate, 2 mM sodium orthovanadate, 10 mM sodium 
molybdate, 3 mM benzamidine, 1 mM AeBSF, 1 μg/ml pepstatin, 0.5 mM 
leupeptin, and 2 μg/ml chymostatin). The cell slurry was split into two 15-ml 
conical tubes, and 3-ml ice-cold glass beads were added to each. Cells 
were lysed by vortexing on ice seven times for 1 min, until >85% of cells 
were broken by microscopy. Lysates were cleared by centrifugation at 
13.2 g for 30 min, and the concentration of the resulting supernatant was 
obtained through protein assay (Bio-Rad Laboratories), using BSA for the 
standard curve. Protein concentrations were normalized to 35 μg/μl, and 
2 ml of normalized lysates were incubated for 30 min on ice with 5.76 μg 
anti-HA (12CA5; a gift from R. Lamb, Northwestern University, Evanston, 
IL) or anti-myc (9E10; a gift from H. Folsch, Northwestern University, 
  Evanston, IL) monoclonal antibodies. The lysates were then rotated 1.5 h at 
4°C with 50 μl of 1:1 protein G bead slurry (Sigma-Aldrich), equilibrated 
in yeast lysis buffer. After incubation, beads were washed three times with 
yeast lysis buffer and three times with yeast wash buffer (omit Triton X-100, 
glycerol, and phosphatase inhibitors from lysis buffer). For phosphatase 
treatment, samples were washed once with λ phosphatase buffer and incu-
bated at 37°C for 30 min in 50 μl λ phosphatase buffer with 1 μl λ phos-
phatase (New England Biolabs, Inc.) added. Samples were subsequently 
washed once in ice-cold yeast wash buffer and resuspended immediately 
in 2× SDS-PAGE sample buffer.
Western blotting with phosphospeciﬁ  c antibodies
For all Western blots, proteins were resolved by SDS-PAGE and transferred 
as described previously (Weiss et al., 2002). Phosphospeciﬁ  c antibodies 
(Open Biosystems) were generated against the relevant phosphopeptides 
Figure 7.  Model for Cbk1 activation and Ace2-dependent protection of 
CT-motif phosphorylation. (1) Cbk1 is primed for activation by RAM 
network–dependent phosphorylation of as-yet-unknown sites. (2) This modi-
ﬁ  cation is permissive for phosphorylation of the CT-motif by an upstream ki-
nase, possibly Kic1. (3) CT-motif phosphorylation promotes removal of 
priming phosphorylations, making Cbk1 fully able to associate with regu-
latory targets. (4) Active CT-motif phosphorylated Cbk1 associates with 
Ace2; this protects the CT-motif from dephosphorylation. (5) In the absence 
of Ace2, the Cbk1 CT-motif is dephosphorylated.JCB • VOLUME 175 • NUMBER 5 • 2006  764
for the T-loop serine and the CT-motif threonine: CRLMAY(pS)TVGTPD 
and CPFIGY(pT)YSRFD, respectively. Western blotting was performed 
using BioTraceW polyvinylidene diﬂ   uoride (Pall). Membranes were 
blocked for 30 min at room temperature with 10% BSA in Tris-buffered 
saline with 0.1% Tween (TBST). The phosphospeciﬁ   c antibodies were 
diluted 1:250 (anti-pS570) or 1:100 (anti-pT743) in 1% BSA TBST and 
incubated overnight at 4°C. The diluted anti-pT743 solution also con-
tained the nonphosphorylated peptide at 1:250 (C  P  F  I  G  Y  T  Y  S  R  F  D  , from a 
stock solution of  0.6 mg/ml in 40% DMSO) to increase speciﬁ  city 
for the phosphorylated   protein. Blots were subsequently washed three 
times for 3 min with TBST. They were then incubated with Alexa 680–
conjugated goat anti–rabbit secondary (Invitrogen) at 1:5,000 in TBST 
for 1 h at room temperature.   After incubation, blots were washed six 
times for 5 min in TBST, and both were imaged and quantiﬁ  ed  on 
the Odyssey (v2.0; Li-Cor, Inc.). Images were processed using Photo-
shop (Adobe).
Kinase assays
For kinase reactions, immunoprecipitates were stored overnight at 4°C in 
yeast lysis buffer with 35% glycerol. Beads were washed three additional 
times with kinase reaction buffer (20 mM Tris, pH 8.0, 150 mM NaCl, and 
5 mM MnCl2). Either 2.5 μg of histone H1 or the N terminus of Ace2 fused 
to maltose binding protein (a gift from D. Stillman, University of Utah, Salt 
Lake City, UT) was added in 30 μl kinase reaction buffer containing 20 
μM cold ATP and 0.33 μCi/μL γ-
32P-ATP. Kinase reactions were allowed 
to proceed at room temperature for 60 min and stopped by addition of 
7 μl of 5× SDS-PAGE sample buffer and 10-min incubation at 85°C. Pro-
teins were separated by SDS-PAGE, and kinase activity was quantiﬁ  ed us-
ing a Storm 860 and ImageQuant (Molecular Dynamics). Values obtained 
for kinase activity from the autoradiograph were normalized against anti-
HA Western blot of the same immunoprecipitates so that kinase activity 
could be compared between samples.
Cell synchronization
Log phase cells from 4.8 liters of culture were arrested with 10 μM 
α factor (GenScript, Inc.). After incubation at 30°C for 2 h, >80% of 
cells exhibited mating projections. The cells were then harvested by 
centrifugation for 5 min at 25°C. Cells were released from arrest by 
washing twice with fresh media and then resuspended in fresh media. 
At each time point, cells were harvested by centrifugation and immedi-
ately frozen in liquid nitrogen. Samples of cells from each time point 
were also ﬁ   xed by addition of formaldehyde to 5%, and these cells 
were imaged to determine budding index, providing an indication of 
cell cycle progression.
Cytology, microscopy, and image analysis
Staining of F-actin with rhodamine-phalloidin, cell wall chitin with calco-
ﬂ   uor, and cell wall sugars with rhodamine-conjugated concanavalin A 
were done as described previously (Adams and Pringle 1991; Pringle 
1991). Fluorescence/differential interference contrast microscopy was 
  performed using an Axiovert 200M (Carl Zeiss MicroImaging, Inc.) with 
either a Coolsnap HQ or Cascade II-512B camera (PhotoMetrics, Inc.). 
Table I. Genotypes of all strains used and generated in this study
Name Genotype Source
ELY126 (FLY95) MATα ura3-52 leu2-3,112 trp1∆1 his3∆200 (S288C) F. Luca (University of Pennsylvania, 
 Philadelphia, PA)
ELY402 (FLY93) MATa ura3-52 leu2-3,112 trp1∆1 his3∆200 (S288C) F. Luca
ELY140 (DDY2362) MATa CBK1-3xHA::HIS3 D. Drubin (University of California, 
 Berkeley, Berkeley, CA)
ELY390 MATα cbk1S570A-3xHA::HIS3
ELY461 MATa cbk1S570A-3xHA::HIS3
ELY437 MATα cbk1T743A-3xHA::HIS3
ELY462 MATa cbk1T743A-3xHA::HIS3
ELY426 MATα cbk1D475A-3xHA::HIS3
ELY463 MATa cbk1D475A-3xHA::HIS3
ELY132 MATα cbk1∆::KanMX
ELY447 MATα MOB2-13xMyc::TRP1
ELY417 MATa CBK1-3xHA::HIS3 MOB2-13xMyc::TRP1
ELY418 MATα cbk1S570A-3xHA::HIS3 MOB2-13xMyc::TRP1
ELY448 MATα cbk1T743A-3xHA::HIS3 MOB2-13xMyc::TRP1
ELY449 MATα cbk1D475A-3xHA::HIS3 MOB2-13xMyc::TRP1
ELY398 MATa CBK1-3xHA::HIS3 kic1∆::TRP1
ELY395 MATa CBK1-3xHA::HIS3 hym1∆::TRP1
ELY396 MATa CBK1-3xHA::HIS3 tao3∆::TRP1
ELY397 MATa CBK1-3xHA::HIS3 ace2∆::TRP1
ELY399 MATa CBK1-3xHA::HIS3 mob2∆::TRP1
ELY436 MATa CBK1-3xHA::HIS3 sog2∆::TRP1
ELY410 MATα ACE2-GFP::KanMX
ELY464 MATa cbk1S570A-3xHA::HIS3 ACE2-GFP::KanMX
ELY465 MATa cbk1T743A-3xHA::HIS3 ACE2-GFP::KanMX
ELY451 MATα cbk1D475A-3xHA::HIS3 ACE2-GFP::KanMX
ELY466 (FLY869) MATa CBK1-GFP::KanMX F. Luca
ELY468 MATα cbk1S570A-GFP::TRP1
ELY467 MATα cbk1T743A-GFP::KanMX
ELY469 MATα cbk1D475A-GFP::KanMX
ELY535 MATa CBK1-GFP::KanMX SEC63-tomato::HIS3
ELY536 MATα cbk1S570A-GFP::TRP1 SEC63-tomato::HIS3
ELY537 MATa/MATα CBK1-GFP::KanMX cbk1D475A-HA::HIS3
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Images were obtained with an oil-immersion α plan-ﬂ  uar 100×/1.45 NA 
(Carl Zeiss MicroImaging, Inc.), imaged in synthetic complete medium with 
dextrose. In scoring all phenotypes, cells were sonicated in a water bath 
four times for 15 s. The cell separation defect was scored as any cluster of 
more than two cells. Axial ratio was measured by hand using OpenLab 
(v4.0.4; Improvision) measurement recording program. Nuclear localiza-
tion of Ace2-GFP was quantiﬁ  ed as symmetric or asymmetric, using rhoda-
mine conA labeling to distinguish mother and daughter cells. All subsequent 
statistical analysis was performed using Excel (Microsoft), Prism   (GraphPad), 
or InStat (GraphPad).
Online supplemental material
Fig. S1 shows the coimmunoprecipitation of Mob2-13xmyc with Cbk1-HA, 
both wild type and mutants. Fig. S2 demonstrates that Ace2–protein A is 
expressed at similar levels across the Cbk1 mutants. Fig. S3 shows that the 
phosphospeciﬁ  c antibodies do not recognize other heavily phosphorylated 
proteins, such as GST-Ste20, puriﬁ  ed from yeast. Fig. S4 demonstrates that 
deletion of Ace2 does not affect the transcript levels of RAM network 
  proteins. Table S1 shows primers used for the construction of strains used 
in this study. Online supplemental material is available at http://www.jcb.
org/cgi/content/full/jcb.200604107/DC1.
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